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We report ^^P- and ^^As-NMR studies on (Ca4Al206)Fe2(Asi-a;Px)2 with an isovalent substitu- 
tion of P for As. We present the novel evolution of emergent phases that the nodeless superconduc- 
tivity (SC) in 0< X <0.4 and the nodal one around x—1 are intimately separated by the onset of a 
commensurate stripe- type antiferromagnetic (AFM) order in 0.5< x < 0.95, as an isovalent substi- 
tution of P for As decreases a pnictogen height hpn measured from the Fe plane. It is demonstrated 
that the AFM order takes place under a condition of 1.32A< hpn <1.42A, which is also the case 
for other Fe-pnictides with the Fe^^ state in (FePn)~ layers. This novel phase evolution with the 
variation in hpn points to the importance of electron correlation for the emergence of SC as well as 
AFM order. 



High-transition-temperature (Tc) superconductivity 
(SC) in iron (Fe)-pnictides (Pn)[l] emerges when a 
stripe-type antiferromagnetic (AFM) order accompanied 
by a structural phase transition is suppressed by ei- 
ther a carrier doping, an application of pressure, or 
an isovalent chemical substitution. The parent com- 
pounds are AFM semimetal characterized by an average 
iron valence Fe^+ in (FePn)~ layer separated by various 
block layers. These compounds are LnFeAsO ("1111") 
(Ln=rare earth) [l|43|, AeFesAss ("122") (Ae=Alkaline 
earth)P,l5(, and (Ae4M206)Fe2As2 (" 42622" )[ii|. By 
contrast, the onset of AFM order has not yet been re- 
ported in Fe-phosphorus parent compounds with the 
Fe^+ in (FeP)~ layer. Although the parent compound 
NaFeAs ("111") exhibits an AFM order [i,[lOj, whereas 
a fully gapped or nodeless SC emerges in LiFeAs with- 
out any carrier doping U l^]- Meanwhile, the iso- 
valent substitution of P for As in BaFe2(Asi_^EP^E)2 
(hereafter denoted as Bal22(As, P)) brings about 



the SC with nodal gap Thus, the com- 

pounds with the Fe^+ state in (FePn)~ layers un- 
dertake an intimate evolution into either the node- 
less SC in LiFeAs and (Ca4Al206)Fe2As2[19] or the 
nodal SC in Bal22(As,P) without any change in the 
valence condition of the Fe^+ in the (FePn)~ layer. 
To gain further insight into a novel phase evolution 
when the Fe^+ state is kept in the (FePn)~ layer, we 
have dealt with (Ca4Al2 06)Fe2(Asi_a;Pa;)2 (hereafter de- 
noted as Al-42622(As,P)) in which the Fe'^^ state is 
expected irrespective of the P-substitution for As in 
the (FePn)~ layer separated by a thick perovskite- 
type block[l9|, l20[. Here, note that a highly two- 
dimensional electronic structure in these compounds is 
in contrast with the three-dimensional one observed in 
Ael22(As,P)(Ae=Ba,Sr) [If 



BE]. 



In this Letter, we report on a novel phase diagram for 
Al-42622(As,P) with the isovalent substitution of P for 
As and hence without any carrier doping. ^^P- and ^^As- 



NMR studies have revealed that a commensurate AFM 
order taking place in 0.5 < x < 0.95 intervenes between 
a nodeless SC in < x < 0.4 and a nodal one around 
x=l. We highlight that as the substitution of P for As 
decreases a pnictogen height hpn measured from the Fe 
plane, the nodeless SC state evolves into an AFM-order 
state and subsequently into a nodal SC state, while keep- 
ing the Fe^+ state due to the isovalent substitution of P 
for As. We remark that this finding points to the impor- 
tance of the electron correlation effect for the emergence 
of SC as well as AFM order in Fe-pnictides in general. 

Polycrystalline samples of 

(Ca4Al206-2y)Fe2(Asi_a^Pa;)2 with a nominal content of 
< X < 1 were synthesized by the solid-state reaction 
method using the high-pressure synthesis technique 
described elsewhere [20|, l22|. Due to the oxidization 
of the starting materials, a nominal value of y in the 
prepared samples may be empirically nearly zero, even 
though y ~ 0.2. Powder X-ray diffraction measurements 
indicate that these samples are almost entirely composed 
of a single phase, and the lattice parameters such as 
the lengths along a-axis and c-axis, and hpn at room 
temperature decrease monotonously with increasing 
X ^ as shown in Fig. [ifa), ensuring a homogeneous 
chemical substitution of P for As [iJQ- Here, hpnS 
for x=0 and 1 were obtained from Rietveld analyses, 
and those in the intermediate x region were tentatively 
deduced from a linear interpolation from x=0 to 1. 
Bulk TcS for < X < 0.4 and x=1.0 were determined 
from an onset of SC diamagnetism in the susceptibility 
measurement, whereas no SC transition was identified 
in 0.5 < X < 0.95 (see Fig. [3|) [22]. 3iP-NMR(/ = 1/2) 
measurements have been performed on coarse powder 
samples. The nuclear spin-lattice relaxation rate (1/Ti) 
of ^^P-NMR was obtained by fitting a recovery curve 
of ^^P nuclear magnetization to a single exponential 
function m{t) = (Mq - M{t))/Mo = exp(-t/Ti). Here, 
Mo and M{t) are the respective nuclear magnetizations 



2 



for a thermal equilibrium condition and at time t after a 
saturation pulse. 




FIG. 1: (Color online) (a) x dependences of a- axis length and 
pnictogen height (/ipn) in (Ca4Al206)Fe2(Asi-xPx)2. (b) T 
dependence of ^^P-NMR spectrum at x=0.75, pointing to the 
onset of AFM order below 60 K. x dependences of (c):^^P- 
NMR spectrum at 10 K and (d): respective internal fields 
^^Hint and ^^ifint at ^^P and ^^As. 



compounds were smaller than in another parent 42622 
compound [Sr4(MgTi)06]Fe2As2R, but larger than in 
(Sr4Sc206)Fe2As2l8|- 




Figure [I{b) shows temperature (T) dependence of the 
^^P-NMR spectrum at x=0.75 at a fixed frequency /o=97 
MHz. At temperatures higher than 70 K, the ^^P-NMR 
spectrum is composed of a single sharp peak. The spec- 
trum becomes significantly broader upon cooling below 
60 K and finally exhibits a rectangular-like spectral shape 
at ~10 K. This characteristic NMR shape is a powder 
pattern expected for the case where the ^^P nucleus expe- 
riences a uniform off-diagonal internal hyperfine field i^int 
associated with a commensurate stripe-type AFM order 
of Fe-3d electron spins [Isj. The ^^i^int ^0.18 T at ^^P 
is estimated at 10 K for x=0.75. The ^^i^int ^0.58 T at 
^^As is evaluated from ^^As-NMR spectrum (not shown). 
Here, note that ^^i^int is larger than ^^i^int because of 
the hyperfine-coupling constant ^^Ahf being larger than 
^^Am' Using the relationship of ^^i^int=^^^hfMAFM, a 
Fe-AFM moment Mafm ~0.23/iB is estimated assum- 
ing '^^Am 2.5 T//iB which is cited from previous re- 
ports 23, HI. In order to present a systematic evolution 
of the low-T phase as a function of P-substitution, the re- 
spective figures [TJc) and [Hd) indicate the x-dependences 
of ^^P-NMR spectrum and the internal fields of ^^i^int 
and ^^i^int at 10 K. The Mafm increases from 0.1 6/iB 
at x=0.95 to 0.28/iB at x=0.5, and becomes zero at 
< X < 0.4 and x=l. Note that the Mafms in these 
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FIG. 2: (Color online) (a) T dependence of ^^P-NMR 
^\l/TiT) in 0.2< X <1 along with ^^As-NQR ^^(1/TiT) 
at x=0 at the normal state. Note that the '^^(l/TiT)s for 
0.5 < X < 0.9 diverge toward Tn, below which the ^^P-NMR 
spectrum exhibits a rectangular-like shape in association with 
the onset of an AFM order (see Fig. 1(b)). (b) ^i[Ti(Tc)/Ti] 
in the SC state at x=l along with that at x=0 [1^. The T- 
linear dependence in 1/Ti well below Tc at x=l indicates the 
presence of the residual DOS at Ef in association with the 
nodal SC in contrast with the nodeless SC at x= flQll. 



Figure EJa) shows the T dependence of ^^(l/TiT) of 
3iP-NMR for 0.2 < X < 1 along with that of ^^(1/TiT) 
of ^^As-NQR for x=0. In general, 1/TiT is proportional 

Xlq \^q\'^x"{Q^^o)/^o^ where Aq is a wave- vector (q)- 
dependent hyperfine-coupling constant, x{q^^) a dynam- 
ical spin susceptibility, and uq an NMR frequency. When 
a system undergoes an AFM order with a wave vector Q, 
staggered susceptibility xq{T)^ following a Curie- Weiss 
law, diverges towards T^. As a result, the measurement 
of 1/TiT enables the determination of a Neel tempera- 
ture Tat. Actually, as shown by the solid lines in Fig.[2fa), 
the 1/TiTs for 0.2 < x < 1 can be fitted by assuming 
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l/TiT - a/(T - 6>) + 6 [25|. Remarkably, the 1/TiTs for 
0.4< X <0.95 diverge toward T = 0^ that is identified 
as T/v, because the rectangular-like NMR spectral shape 
points to the onset of AFM order below T ~ ^, as seen 
in Fig. [TJ In Fig. [3l the estimated Tn is plotted as the 
function of x. 

Fig. [2fb) presents the T dependence of Ti{Tc)/Ti 
of ^^P-NMR in the SC state at x=l, which decreases 
markedly without any trace of a coherence peak below 
Tc, followed by a T-linear dependence well below Tc. 
This TiT=const. behavior at low-T probes the presence 
of residual density of states (RDOS) at the Fermi level 
at an external field H=l T, pointing to the SC realized 
with nodal gap. This nodal SC at x=l is in contrast with 
the nodeless SC at x=0. For x=0, the 1/TiT decreases 
steeply without any coherence peak down to zero toward 
T ->0 K as presented in the inset of Fig. [2fb) [19]. 

Generally, the RDOS at Ep is induced for the nodal 
SC state by either applying H or the presence of some 
impurity scattering. Since 1/TiT is related to the 
square of RDOS at Ep (A^^es)^ ^^e ratio of RDOS 
(Nres/No) to a normal- state DOS {Nq) is given by 

. This relationship enables us to 
0.33 for x=l and N.^^/Nq -0 for x=0. 



{T,T)-\J{T,T)-' 



deduce Nres/J^o 
The solid line for x=l in Fig. [2fb) is a tentative simula- 
tion based on the multiple-gap 5±-wave model. In this 
model, the nodal gap is on one of the multiple bands 
that is responsible for the RDOS and a larger gap with 
2A/,//c^Tc=3.7 is on other bands that are mainly respon- 
sible for SC [21]. 

The present NMR studies on Al-42622(As,P) have re- 
vealed that as the P-substitution x increases, the node- 
less SC state with Tc= 27-20 K in 0< x <0.4 evolves 
into the AFM state in 0.5 < x <0.95, and eventually to 
the nodal SC state with Tc= 17 K at x=l as presented 
in Fig. [3l In another context, the AFM order intervenes 
between the nodeless SC and the nodal SC. This phase di- 
agram is quite outstanding among numerous Fe-pnictides 
reported thus far. For example, it was reported that only 
the nodal SC state emerges in Bal22(As,P) [IS-dS]- To 
shed light on the occurrence of AFM order in the inter- 
mediate P-substitution range of 0.5< x <0.95, the AFM 
ordered state and the SC one for Al-42622(As,P) are plot- 
ted in the two-dimensional plane of structural parameters 
of the nearest-neighbour Fe-Fe distance ape-Fe and hpn 
by filled and empty symbols in Fig. HI respectively. Here, 
the results are also presented on this plane with respect 
to 1111[^,'3', 26], 122(1 [TH, IIiSIiqI. and 42622-based 
compounds ^-^] with the Fe^+ state in the (FePn)~ layer 
through the isovalent substitution at pnictogen sites. As 
a result, it is demonstrated that the AFM order in the 
(FePn)~ layer takes place universally irrespective of ma- 
terials when h Pn is in the range of 1.32A < hpn < 1.42A. 
It is noteworthy that when hpn > 1.42 A, the node- 
less SC emerges in Fe(Se,Te) ^.U^ and LiFeAs^H, Q 
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FIG. 3: (Color online) (a) Phase diagram against x in 
(Ca4Al206)Fe2(Asi-ccPx)2- The commensurate AFM order 
occurs in 0.5< x < 0.95, which intervenes between the node- 
less SC in 0< X < 0.4 and the nodal SC at x=l. Each empty 
symbol near the phase boundary between the nodeless SC 
phase and the AFM ordered phase means that each sample 
contains a tiny fraction of minority domain exhibiting either 
AFM order or nodeless SC due to a possible spatial distribu- 
tion of As/P content. 



with the Fe^+ state in the (FePn) layer as well as 
the case for Al-42622(As,P) with 0< x <0.4. On the 
other hand, when hpn < 1.32 A, the nodal SC takes 
place for Ael22(As,P) (Ae=Ba,Sr)[i5Hl8|^, LiFePQ, 
LaFePOliilloi], and (Sr4Sc206)Fe2P2l3lt In this con- 
text, the quite unique and important ingredient found 
in Al-42622(As,P) is that the nodeless SC and the nodal 
SC are separated by the onset of AFM order. Accord- 
ing to this empirical rule, it is reasonably understood 
that in the parent (111) compounds without any chemi- 
cal doping, LiFeAs, and LiFeP [HI, Q exhibit the node- 



less and nodal SC, respectively, whereas NaFeAs exhibits 
the AFM order [9|, |lO| . The novel two-dimensional map 
of the AFM ordered phase and the SC phase of Fig. |4]is 
universal irrespective of a material's details, pointing to 
the importance of correlation effect for the emergence of 
SC as weh as AFM order. 

Finally, the present results on Al-42622(As,P) are con- 
sidered in terms of a systematic evolution of Fermi- 
surface (FS) topology as the function of hpn accord- 
ing to the band calculations based on the five-orbital 
model reported previously [32-35]. In general, the Fe- 
pnictides have similar FSs composed of disconnected two- 
dimensional hole pockets around r(0,0) and r'(7r,7r), and 
electron pockets around M[(0,7r) and (7r,0)] points. For 
the case of x=0 with a very large hpn=l-^ A due to a 
narrow As-Fe-As bond angle a ~ 102°, a hole FS around 

is quite visible at the Fermi level, whereas one of the 
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FIG. 4: (Color online) Map of the AFM ordered phase 
(filled symbols) and the SC phase (empty symbols) for 
(Ca4Al206)Fe2(Asi-a;Pa;)2 plotted in the two-dimensional 
plane of structural parameters of the Fe-Fe distance ape-Fe 
and hpn. Here, the emergent phases for various Fe-based 
compounds with the Fe^^ state in (FePn)~ layer through 
the isovalent substitution at pnictogen (Pn) sites are pre- 
sented with respect to Fe(Se,Te)^, i28i], LiFWAsJ^)^, 
[3, BaFe2(As,P)2[i, [iMl, LaFe(Sb,As,P)0@, S, [sa, 
NdFeAsO|3], and (Sr4M206)Fe2(As,P)2 (M^Mgo.sTioIp, 
[7j,Sc[S, ^]). The symbol (+) denotes the compounds which 
are not superconductive. The AFM order taking place uni- 
versally in the range of 1.32A < hpn ^ 1.42A intervenes 
between the nodeless SC in hpn > 1.42 A and the nodal SC 
in hpn < I.32A. Dotted line is a linear relation of h Pn versus 
ape-Fe at each value of a. 



two- hole FSs at F is missing [32|, and hence the FS nest- 
ing condition is much better than in others 32, 3^. By 
contrast, for the case of x=l with a very small /ipn=1.31 
A due to a ~ 109.5°, the two- hole FSs at F and one 
hole FS at F' appear as well as in Lnllll with Tc >50 



K 33, [111. Although the FS multiplicity for x=l is larger 
than that for x=0, the nesting condition of FSs in x=l is 
worse than in x=0, bringing about the reduction in the 
Stoner factor for AFM correlations more significantly ^] 
as confirmed from the result in Fig. Efa). In the inter- 
mediate region of x, the band calculation suggests the 
slight development of xq and the reduction of eigenvalue 
in Eliashberg equation for s±-wave pairing around x ~0.7 
35,[36l. As for the nodal SC at x= 



=1, 



although its hpn is 

comparable to those of Ael22(As,P)(Ae=Ba,Sr) [lEliil, 



the origin of the nodal SC may differ from that in 122 
compounds because of a highly two-dimensional elec- 
tronic structure in the (FePn)~ layer separated by a thick 
perovskite-type block for A1-42622P. 

In conclusion, the ^^P and ^^As-NMR studies on 
(Ca4Al2 06)Fe2(Asi_a^Pa;)2 have revealed the novel phase 



diagram including the nodeless SC {0 < x < 0.4) and 
the nodal SC (^=1) intimately separated by the onset 
of commensurate AFM order (0.5 < x < 0.95). It 
is highlighted that as a result of the fact that the P- 
substitution for As decreases the pnictogen height from 
the Fe plane, the AFM order taking place in the range 
of 1.32 A < hpn < 1.42 A intervenes between the nodeless 
SC and the nodal SC and this event is universal irre- 
spective of materials with the Fe^+ state in the (FePn)~ 
layer. In this context, the 5±-wave SC scenario mediated 
by spin fluctuations is quite promising when noting that 
this model has consistently accounted for our systematic 
experiments on series of compounds such as 42622, 1111, 
122, and others reported thus far. 
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